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Abstract 
This research presents the mathematical model of the power electronic 
systems derived from the DQ method and generalized state-space averaging method. 
The considered power system consists of the three-phase voltage source, six-pulse 
diode rectifier, and DC-link filters connected to the paralleled constant power loads 
(CPLs). These loads are the buck converters in which the output voltage is controlled 
to be a constant. The CPL can significantly degrade the power system stability. 
Therefore, the stability analysis by using the linearized model with the eigenvalue 
theorem is used in the research. The simulation results are used to validate the 
proposed mathematical model and the instability point predicted from the theory. In 
addition, the testing rig of the studied system is implemented to validate the stability 
results as well. However, the accurate system parameters of the testing rig are very 
important. In the research, the artificial intelligence technique called adaptive tabu 
search (ATS) is applied to identify the system parameters. These identified parameters 
are then used with the dynamic model to analyze the stability of the practical system. 
The results show that the proposed mathematical model can predict the unstable point 
due to the CPL. The good agreement between the theoretical, simulation, and 
experimental results can be achieved in this research.      
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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
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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)+$	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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"	6	6 -++.)+)$/ Req,  Leq  Ceq 
")	))'# 6
-++. 06")#	44$3
$  rL,  Ldc,  rc  Cdc 3() Edc   Vdc $"/#	 )+
$	 $6)=	/ Cdc )
$  
)/)7+6
6	6  (Source bus) $-++. (AC bus) $  λ $$' 3.1 
&	 Leq $-++.6&0$)/))7) (Overlap 
angle) µ 3(	
0$"/ &6%)"	0$ )
6-$ rµ  $-++. (Mohan, Underland, and Robbins, 2003) 
,$ $$' 3.2 3()6-$ rµ )
-$,$ ) (3.1) $% 
 
pi
ω
µ
eqL
r
3
=                                  (3.1) 
 
)7 ω  7 )#6	6 -++. 
  
 
 
' 3.2 	 )+))/))7) 
 
	' 3.2 Edc1 $-++."/,$ -)6"	&#)/)
)7) 0# Edc $-++."/#	"	&#)/))
7)$ )6-$ )7"	&$60 '6$-++.
 
0)441#	 )+$	 ,$ 
-)6"	&)/))7) $$' 3.3 $% 
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' 3.3 441#	 )+$	 
 
441 Sa 0' 3.3 )$-$,$ /)+' $) 
(3.2) $% 
 
( ) ( )tk
k
S
L
k
a ωpi
sin213
1
,....7,5,1
−×
−
⋅=
+∞
=
∑                               (3.2) 
 
 )7 k = 6L ± 1 (L = 0, 1, 2,….., k > 0) 
 Sb  Sc ) tω  0
) (3.2) $  





−
3
2pi
ωt  





−
3
4pi
ωt )
$ 	 (Mahdavi, et al., 1997) &#[
)	-)6)&6 !"# $% 4410) (3.2) 
)# 0 '60')+-$ $) (3.3) $% 
 
( )
T
ttt 










 +−




 +−+= φ
pi
ωφ
pi
ωφω
pi 3
4
sin
3
2
sinsin32abcS                                     (3.3) 
 
)7  φ  7 )/)+#$-++. 
 
))"2#$6"/"/#	 
)+$	$$) (3.4)  (3.5) )
$ $% 
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dcIabcabcin, SI =
 
                                  (3.4) 
 
abcbus
T
abc VS ,1 =dcE                          (3.5) 
 
)7     










=
cin
bin
ain
I
I
I
,
,
,
abcin,I   










=
c
b
a
S
S
S
abcS  
 
	) (3.4)  (3.5) )	
,$ 2$ 
7-#
"'		
$6 7 
- 	 )+"	016,)$
67 
- )"	'$#6	6 -++.)+ )6)$/ 
- -)6"	[)$#(%0 
 
3.2.2 

*	 &'
+ 
	 )+$	 )	
 0
 '60'#)/$ 3())010$) (3.6) $% 
 




=
=
dq
1-
abc
abcdq
fKf
fKf
                                                                                                          (3.6)     
 
                                                                        
)7 
   
( )
( ) 

















+−





−−−






+





−
=
3
2
sin
3
2
sinsin
3
2
cos
3
2
coscos
3
2
pi
θ
pi
θθ
pi
θ
pi
θθ
K  
 
  
 
12
φ
pi
ωθ +−= t  
 
	) (3.4)  012$#) (3.6) 	-$$) (3.7) 
$% 
 
  
 
 
 
 
 
 
15 
dcIabcabcin, SI =  
dcIabcabcin, SKIK =     ; '$  K %# 
 dcIdqdqin, SI =                                               (3.7) 
 
	) (3.5) 012$#) (3.6) 	-$$) (3.8) 
$% 
 
abcbus
T
abc VS ,1 =dcE  
[ ] [ ]dqbusdq VKSK ,111 −−= TdcE  
[ ] dqbusT1-Tdq VKKS ,11 −=dcE  
dqbus
T
dq VS ,1 =dcE                          (3.8) 
 
441)+0) (3.3) )0 '6)/$
-$ $) (3.9) $% 
 
abcdq KSS =  
 
( )
( )
( )
























+−






+−
+
⋅


















+−





−−−






+





−
=
φ
pi
ω
φ
pi
ω
φω
pipiθ
pi
θθ
pi
θ
pi
θθ
3
4
sin
3
2
sin
sin
32
3
2
sin
3
2
sinsin
3
2
cos
3
2
coscos
3
2
t
t
t
dqS
 
 
 
( ) ( )[ ]φφφφ
pi
−−−⋅= 11 sincos
32
2
3
dqS                                           (3.9) 
 
&!"
$ $$' 3.4 ,$  VS 7 6 $
$+6	6 , Iin 7 6 $, Vbus 7 6 $$$-++. 
 S 7 6 $#441 3()66 pi/32   
 
 
 
  
 
 
 
 
 
 
16 
 
ω
 
 
' 3.4 &!"
$ 
 
	) (3.7) - (3.9) 	=-$6	 )+$	 
)0 '60'#)-++.  '6$  6#) 

 Sd  Sq 	#(% '6)/))/#$ (φ1)  +# Vbus(φ)  $%&#
	 )+$	 )7012$ 	
0)	))'$$' 
3.5 $% 
 
 
 
' 3.5 	))' )+ '60'#)/$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	' 3.1 
	/)# 
# 6

-++. )"		)$6)# 
0' 
3.6 -$,$ $) (3.10) $% 
 
 
 
' 3.6  
#	 6
-++. 3 + 
 
abcabcabcdrop, IIV dt
dLR +=∆                                                                                         (3.10) 
 
	) (3.10) ))0 '6)/$ $ ) 
(3.6) 3()#%"'	$-$$% 
  
( ) ( )dq01dq01dq01 IKIKVK −−− +=∆ dt
dLR  
( ) ( )dq01dq01dq01 IKKIKKVKK −−− +=∆ dt
dLR    ; '$  K %# 
( )dq01dq0dq0 IKKIV −+=∆ dt
dLR  






+





+=∆ − dq0dq0
1
dq0dq0 IIKKIV dt
dL
dt
dLR  
 
$% 	-$) '6)/$ $$) (3.11) $% 
 






+−=∆
+−=∆
qdqq
dqdd
i
dt
dLLIRIV
i
dt
dLLIRIV
ω
ω
                                          (3.11) 
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)7  









 −
=




 −
000
001
010
ω1KK
dt
d  
 
	) (3.11) )	))'# 6
-++. '6
)/$ $$' 3.7 $% 
 
 
 
' 3.7 	))' 6
-++.0'#)/$ 
 

	##=	/# 6
-++. )"	
)-++.-&6=	/0' 3.8 -$,$ $) (3.12) $% 
 
 
 
' 3.8 =	/#	 6
-++. 3 + 
  
 
 
 
 
 
 
19 
abcabcc, VI dt
dC=                                                                      (3.12) 
 
	) (3.12) ))0 '6)/$ $ ) 
(3.6) 3()#%"'	$-$$% 
 
( )dq01-dq0c,1- VKIK dt
dC=
 ( )dq01-dq0c,1- VKKIKK dt
dC=
 
             ; '$  K %#
 ( )dq0dq01-dq0c, VVKKI dt
dC
dt
dC +





=
 
 
$% 	-$) '6$ $$) (3.13) $% 
 






+=
+−=
qdcq
dqcd
V
dt
dCCVi
V
dt
dCCVi
ω
ω
                                                        (3.13) 
 
)7  









 −
=




 −
000
001
010
ω1KK
dt
d  
 
	) (3.13) )	))'# 6
-++. '6
)/$ $$' 3.9 $% 
 
 
 
' 3.9 	))' 6
-++.0')/$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	-++."	0' 3.1 )7
0 '60'#)/$
$ ) (3.6) )	#-++."	$ 	))')/$
 3($$' 3.10 $% 
 
 
 
' 3.10 	))'#-++."	)/$ 
 
		))'0' 3.10 )
0	))' 66 -$ ,$ 

$)/)+)/#441 ( 1φ φ= ) 3(	-$6 Iin,dq = 0   )
0-$'
	$% $% 	))' 66 -$
)$$' 3.11 
$% 
 
pi
32
2
3:1
 
 
' 3.11 	))' 66 #-++.
 
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	' 3.11 ,$)
-++./$) )# )
,$$60'#-$$) (3.14) )7 Vdc $6),$

-++./$)  PCPL 6
-++.#,$ 
 
dc
CPL
CPL V
P
I =                (3.14) 
 
	
 )$ d$#
1++e (KVL) d#1++e (KCL) 	))'0' 3.11 ,$ 
$ 
 "/ "/ $$) (3.15) 
 
 : [ ]Tdcdcqbusdbusqsds VIVVII           x ,,=  
"/ : [ ]
T
CPLm PV   u =                                                                                                 (3.15) 
"/: [ ]dcV=y  
   
  $#%"'	)1/"2#	

	))' 66 #-++.
0' 3.11 )$$) (3.16) i (3.21) 
$% 
                                            
- "	 LOOP 1 ,$  KVL $$) (3.16) $% 
 
SddbusSqeqLR VVILVV eqeq =+−+ ,ω  
sd
eq
dbus
eq
qsds
eq
eq
ds VL
V
L
II
L
R
I 11
,
+−+−=
•
ω                                                                   (3.16)          
 
- "	 LOOP 2 ,$  KVL $$) (3.17) $% 
 
SqqbusSqeqLR VVILVV eqeq =+++ ,ω  
sq
eq
qbus
eq
qs
eq
eq
dsqs VL
V
L
I
L
R
II 11
,
+−−−=
•
ω                                          (3.17) 
 
  
 
 
 
 
 
 
22 
- "	 NODE 1 ,$  KCL $$) (3.18) $% 
 
0
,,
=−+−
eqCqbuseqdinSd IVCII ω  
dc
eq
qbusds
eq
dbus IC
VI
C
V
pi
ω
32
2
31
,,
⋅−+=
•                                                                       (3.18) 
 
- "	 NODE 2 ,$  KCL $$) (3.19) $% 
 
0
,
=−−
eqCdbuseqSq IVCI ω  
qs
eq
dbusqbus IC
VV 1
,,
+−=
•
ω                                                                                             (3.19) 
 
- "	 LOOP 3 ,$  KVL $$) (3.20) $% 
 
1dcCrLrr EVVVVV dccdcL =++++µ  
( )
dcdc
CPLc
dc
dc
dc
dc
cL
dbus
dc
dc VL
PrV
L
I
L
rrr
V
L
I −−
++
−⋅=
• 132
2
3
,
µ
pi
                                         (3.20) 
 
- "	 NODE 3 ,$  KCL $$) (3.21) $% 
 
0=−− CPLCdc III dc  
dc
CPL
dc
dc
dc
dc V
P
C
I
C
V ⋅−=
• 11                                           (3.21) 
 
3.2.3 
,*-.$/*$ 
	) (3.16) i (3.21) "6)1/"2-)61 7
	 6 	
-)61 
 !"#
 	

01 (linearized model) ! 0p*d6		 (eigenvalue 
theorem) $% 
0	
1 &'	 -$ 2
01#
/)  $ 1 3()# 	

01 -$
$) (3.22) $% 
  
 
 
 
 
 
 
23 
u)u,D(xx)u,C(xy
u)u,B(xx)u,A(xx
oooo
oooo
δδδ
δδδ
+=
+=
•
                                                                                   (3.22) 
 
)7 
 
[ ]Tdcdcqbusdbusqsds VIVVII δδδδδδδ           x ,,=
 [ ]TCPLm PV δδδ   u =
  [ ]dcVδδ =y
  
  $#%"'	# A(xo,uo), B(xo,uo), C(xo,uo)  D(xo,uo) $
$) (3.23) $% 
 
66,,
,,
,,
,
,
,
,,,
,,
,
,
,
,,,
,,
,,
×
••••••
••••••
••••••
••••••
••••••
••••••














































=
dc
dc
dc
dc
qbus
dc
dbus
dc
qs
dc
ds
dc
dc
dc
dc
dc
qbus
dc
dbus
dc
qs
dc
ds
dc
dc
qbus
dc
qbus
qbus
qbus
dbus
qbus
qs
qbus
ds
qbus
dc
dbus
dc
dbus
qbus
dbus
dbus
dbus
qs
dbus
ds
dbus
dc
qs
dc
qs
qbus
qs
dbus
qs
qs
qs
ds
qs
dc
ds
dc
ds
qbus
ds
dbus
ds
qs
ds
ds
ds
V
V
I
V
V
V
V
V
I
V
I
V
V
I
I
I
V
I
V
I
I
I
I
I
V
V
I
V
V
V
V
V
I
V
I
V
V
V
I
V
V
V
V
V
I
V
I
V
V
I
I
I
V
I
V
I
I
I
I
I
V
I
I
I
V
I
V
I
I
I
I
I
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
)u,A(x oo  
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( )
66
2
,
2
,
10000
1032
2
300
00010
032
2
3001
0010
0001
×














































+−
++
−⋅
−
⋅−
−−−
−−
=
odcdc
CPL
dc
odcdc
CPLc
dcdc
cL
dc
eq
eqeq
eqeq
eq
eqeq
eq
VC
P
C
VL
Pr
LL
rrr
L
C
CC
LL
R
LL
R
µ
pi
ω
pi
ω
ω
ω
)u,A(x oo  
 
26,
0,
26
,,
,,
10
0
00
00
0)sin(
2
3
0)cos(
2
3
×
×
••
••
••
••
••
••






























−
⋅
⋅
=












































=
odcdc
dcdc
c
eq
o
eq
o
CPL
dc
m
dc
CPL
dc
m
dc
CPL
qbus
m
qbus
CPL
dbus
m
dbus
CPL
qs
m
qs
CPL
ds
m
ds
VC
VL
r
L
L
P
V
V
V
P
I
V
I
P
V
V
V
P
V
V
V
P
I
V
I
P
I
V
I
λ
λ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
δ
)u,B(x oo  
 
[ ] 61100000 ×=)u,C(x oo                             (3.23) 
 
[ ] 2100 ×=)u,D(x oo      
  
3.2.4 
$&1,$2 

60!#	
	) (3.22)  
))	
 

6 Vdc,o  λo ,$ 2p*d-#
-++.)
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	-54&,-<-	"-<-
 
	&'	
 !"," %"
 (4.19) 	$	
&""/ /4"
 $	

&"%"'  4.1%,,-@+6
$($ SIMULINK   
MATLAB '+	.#" .2 :3/
$	
&"$
 4.1 $"0 
 
 4.1 /+6/	%"'  4.1 
/                     (                         
Vs                                            50 Vrms/phase         (	($"+6$ 
ω                                            2pix50 rad/s         & 
Req                                           0.1 Ω                   ""( 
Leq                                           24 µH                  ""
( 
Ceq
                                           2 nF                    	-+6( 
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 4.1 /+6/	%"'  4.1 (() 
/                     (                         
rL                                             0.01 Ω                "".%"$""
 
Ldc ( ∆Idc  ≤  1.5 A)                 50 mH                ""
	 
Cdc ( ∆Vdc  ≤  30 V)                500 µF                	-+6	 
r
c
                                             0.4 Ω                  "".%"$@ 	- 
L ( ∆Idc  ≤  0.1 A)                   15 mH                ""
	 #$"$ 
C ( ∆Vdc  ≤  10 mV)               125 µF                	-+6	 #$"$ 
R                                             20 Ω                   ""	 #$"$ 
 
'  4.5 '  4.6 #" Idc, Vdc, IL  Vo 
$
 ' $**(	
+	/'	"
(2 .'&"$+  %" (4.19) ' $**+6%"'  4.1%,
,-@+6
$($ SIMULINK #	&'+ "(
$""/-	 40 Vrms +  !" 50 Vrms  0.5 " :3%"'  4.5 + $( d = 60 %  
'  4.6  $( d = 80 %  d 4 $_	$"	 #$"$ 
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'  4.6 #" 4 $_	$" = 80 % 
 
 	# ' $**
$	
&""
/%"'  4.5  4.6 	$+( #"	

 !"," $q' $**$	
&",-@+6

$ $0%".,$'( .'($ $"$0" 	
%,1
($"((2 .'&"$+  +6%"'  4.1 &4 !"
	
&' ("
 &"
+  -%,$	
	 !"	 #$"$- :3( N 	+$
"
"(+ %"$ 4.3 
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4.3 	



		


' 
4.3.1 

,	"-*&.&
0)&<-
 
+6/	$'  4.7   (	(+6$
 (
$+6 		 	$**:
,4(	 #$"$$- :3$-	$( 	

"-+6+#("$""
 L $"/- (V
o
) (
"" R %+ $$"	 V
o
*  
 
 
 
'  4.7 		 !"	 #$"$- 
 
	+6/	%"'  4.7 /		
	& 	%'(%"' ""-" $/'	"
,("$"%"$#("    
"--"$**,  
( 1φ φ= ) $"$0" 	+	'(($'  4.8 $"0 
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pi
32
2
3:1
 
 
'  4.8 	'""-" 4 
" φφ =1  
 
/			 #$"$$-%"'  4.8  !"$-
/+ .%"$-( !" 2 '  4 ' -+6 !"
' .%" ' -$"+6 !"' ." :3/$- 4 Kpv, 
Kiv, Kpi,  Kii 
$
$-%"'  4.8 &"
$-/+%'(%"'  d* $ (4.21) $"0 
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opipviiivpiivopipvLpi VKKXKXKKVKKIKd +++−−=                                             (4.21) 
 
/		$-/+ 	@"+( Xv 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' 
 	
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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"( d %" (4.15) d (4.18)  d* 	 (4.21) $"$0" 	+	

,/$%"'  4.7 +	/'	"11(2 .'
&"$+  :3&"	
$ (4.22) 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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	 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$- 	
,/$+$
1+%" (4.11) d (4.18) +&'"
%, !" (4.22) /$-
/+ "	"0 $$ &" Xv  Xi /%"	
  

	
% !","&"
	
,"%,%"
$-#("rq_-," "	"0	
,"&
"
+ %,&./$**"@+6
$ $0
$+6
- (Areerak, et al., 2008) .%5"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" (
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%" (4.22) &%,1
% !","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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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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$"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4.3.2 
"/,0, 
	 (4.22) &
	
,"+ $1
% !"
,""- $"$ 1 :3&"	
 !"," +$
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	/	
"/- (Iin,abc) $"$$""/- (Vbus,abc)  
	 (4.25) &" 
"( Vbus,o  λo .
$1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5.2.4 
#&<0=' 
/	
"#&-,& (5.4) &-&


0 Vdc,o, λo, Vo1,o, Vo2,o, IL1,o, IL2,o, Xv1,o, Xv2,o, Xi1,o, /  Xi2,o (,&/&'
" (.2&
&

0,&) (5-
 /&& ,+ Vbus,o /  λo  !*-&5	2-, 4 + ,&) 
&-/	
"#&-,& (5.4) &'
0-	 Vbus,o /  λo 
(1(& (5.6) + 
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5.2.5 
'
	%>?'-% %	#% %
 
/	
01&2"#&-,& (5.4) 	 1(	

&'02&::0H/5 
"((	
&'02
 ,5" 5.1 (,-.H
 SIMULINK "/ MATLAB 5-
	)$  .4 !*2&
	
&'02 /& 5.1 
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--(25".// 5". /&	
/"$/2-/-, 4 &'/&-+ Kpv1 = Kpv2= 0.05, Kiv1 = 
Kiv2 = 50, Kiv1 = Kiv2 = 0.7728, /  Kii1 = Kii2 = 11040 
 
 
 5.1 2 	0,5" 5.1 
2                                              ( ( 
V
s
                                            50 Vrms/phase            /	(/ /&& 
ω                                            2pix50 rad/s          '  
R
eq
                                           0.1 Ω                    -&(& 
L
eq
                                           24 µH                  (
&(& 
C
eq                                           2 nF                     	.&(& 
r
L
                                             0.01 Ω                 -)(,(
 
L
dc
 (∆I
dc  
≤  1.5 A)                 50 mH                 (
	 
C
dc
 (∆V
dc  
≤  30 V)                500 µF                 	.	 
r
c
                                             0.4 Ω                   -)(,H" 	. 
R
dc
                                           500 Ω                  -	 
L1= L2 (∆Idc  ≤  0.1 A)           15 mH                 (
	/"$/2 
C
1
=C
2
 (∆V
dc  
≤  10 mV)       125 µF                 	.	/"$/2 
R                                             20 Ω                    -	/"$/2 
 
5" 5.4 /&$&/2.! (Vdc) /2.
	/"$/2. 1 (Vo1) /  /2.	/"$/2. 2 (Vo2) 
("(/"/2.
	/"$/2. 1 (Vo1*) / 
. 2 (Vo2*) 	 5 V ""# 15 V  0.6  /  	 5 V ""# 15 V  1.5  

 &
5" 5.5 /&$&(5" 5.4 ("(/"
/2.
	/"$/2. 1 (Vo1*) / . 2 (Vo2*) 	 15 V 
""# 25 V  0.6  /  	 15 V ""# 25 V  1.5  
 
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5" 5.4 $& Vdc, Vo1 /  Vo2  ,5" 5.1  
                                      "(/" Vo1* /  Vo2* 
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5" 5.5 $& Vdc, Vo1 /  Vo2  ,5" 5.1  
                                      "(/" Vo1* /  Vo2* 
 
	$"((5"&::0,5" 5.4 /  5.5 	 &- $
&/	
01&2"#&- `0 5"&::0&-
	
&'02-(.H
 +,&) 5 / &) (5 + 	*
((- &-/	
-(3 / 34(")5&' " 

	/"$/2./ - 
'"#/	
01&2'5- /(
 	*&'
/	
"
 2&'()(1(<`E	 	 !*( ( 2&'()	 -

&,- 5.3  
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5.3 

>
=+ 
/	
	( /&&&/	2	/"$/
2-	& (5.4) 	
"#((&
1*`/ 	&
&'() 	(,-
 + /	
"#
&-,& (5.4) -1(<`a	 	
,-,	0&'()  
	 	&'
0-	!2	( ( )00 u,xA  & (5.7) + 
 
[ ] 0det =− AIλ                                  (5.7) 
 
/ '- &'() &'(/&& (5.8) + 
 
 0<ireal λ                     (5.8) 
 
 i = 1, 2, 3,..., n ( n  	
/"&' /	
)  
 
	&&'() 	0,5" 5.1 	 	
0-	
/	
"#&- " "-( 141 λλ −  (	 	&
 2&'() 
	 	04  5λ /  6λ 	"#	 	$&'()&. !*/&-
5" 5.6 + 
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5" 5.6 	 	,-&
	0 2&'() 
 
	5" 5.6 "#	0$"(/" 	/"$/2. 
1 (PCPL1) 	 0 c 110 W (
,-	/"$/2. 2 (PCPL2) / 
-	 (PRdc) 
 50 W /  27 W 
 !*
&-  	0,5" 5.1 &'"(""# &'()- 
	/"$/2. 1 " 0 70 W $

 (PCPL.Total) " 0 120 W !*&'("#&/&& (5.9)   
 
2,1,. CPLCPLtotalCPL PPP +=                     (5.9) 
 
&
(( 2&'() ,5" 5.1 	 1($	

&'022(,-.H
(	'5-
/	
-
&,-$ !*$	
&'02 /&5" 5.7 
+ 
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5" 5.7 (( 2&'()	
&'02-(2 
 
	5" 5.7 &- 
/.*+"# 120 W 	 

,-/2.! (V
dc
)  /*+ ( 
&'()  + /	
"#&--1(<`a	 	,-
	0 2&'() !*&'	.
,- &'()-('5-
/  /(
 	+ (-
<`a	 	" (.2,-&
 2$
"(/"2&'() !*( (f 	 -
&-,- 
5.4 
  
5.4 
@ 
+, 5 
&&-/	
01&2	( /&&
&/	2	/"$/2 (,-3 3/ 
34(")5&' " 	*-1(5-	&5	2/	
-
&
-, 3 /  4 !*,+- $5-	(-	&5	2/	
 
,-
"#&- 
0,&)  / 	&'5-/	
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 -(	
&'022 !*&- $&/	

 `0 5"&::0&-	
&'02-(.H
 
+,&) 5 / &) (5 + /	
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6.1  
	
	  !"	# $
%&'!%&#$& ()	*%&'+&#(!  ,!!
-$	
& $!"!(+  %(+(
!.,,(! !/! 0(( 12!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&.) ,,!!-$	

3
&(('+&#(!  #$	((!.,,(*0/! &
+)!/3!!/ 0%&! !
&.)#12!!
$ , 	#(4#(

$(+&!! #$	#1$-!#(
$(+&!!  !/!0%&! /
(.,(+! 50 	#(4#(
$#1$-!
#()( 3.&%(!$$+	'$ AVR )! ET-EASY 
MEGA1280 12!+)( 
#1$-!# !, -'&((!#$	
..D12! !/! -'&0%&! !(+(3!!%(!$$
+	'$ AVR , ('&,/+&!3.&!%(!$$ AVR 
 AVR &+)(#%&%(!$$ AVR &.)
+	#%44E#$	#!%44E (0F
$ !#$	!-$
3!#+$	$	  
 
6.2 			


	 !"#$%&% 
6.2.1 '(	#	)*	 
&.)*	#(4#(
$++&!!
#'1 6.1 1	& #
$%44E	#$(1%& !! 2 .) ( 
$ (relay)  
!& 
11$!#!!)+ %	#(4# 
+
!!  +P1	)+!)(! 2 + #$	
$++&!!  
 
 

 
  
 
 
 
 
 
 
87 
 
W300
100Ω
φ
 
 
'1 6.1 #-!-! (schematic diagram)  
	## 
 
'1 6.1 *+ 	+%& (!)+3
&('
	#(4 ( φ3  rectifier module)  2  !, -'&+&-$+!*
#!+)+5 (Vdc) ,(! %11	)+ 
	)$"*	%& 5012!
!,/
3!!* 7 #$	$,*('	#(4 -'&%&"

$%&! !%&3! 5 (
$#1$-!# 2 .) 50(
 $%44E*#+$	.), 300 W  #$	
$(+&!! 27 W #$	 (, !0+1	
! (safety factor) 25 15P!+ ('	#(4	+& $%44E(12! 
784 W 
, #! 117 V #$		# 6.7 A +($  (,#!!)+*
	#(4(#!4 50 Vrms !/! !!!F0$,3.&('	#(
4(
5,/3!&+$%& , #!%44E 500 V #$		# 10 A   
 
 !"#!%44E	#+%&	##+P($,! (Mohan, 
Underland, and Robbins, 2003) ( !"%&( (6.1) !/ 
 
mdc VV 654.1=                      (6.1) 
 
 Vm , *#!!)+3
&	#(4#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'1 6.1 #!!)+*	#(4(#!4 40 
Vrms #$	 50 Vrms !/!*#!!)+3
&	#(4	(
 56.59 V #$	 70.71 V +($  50 !"#!+)+5*	#
(4# #( (6.2) !/ 
 




=××=
=××=
V95.116502654.1
V56.93402654.1
2
1
dc
dc
V
V                   (6.2) 
 
6.2.2 +"	
	"'#	+" 
	#!!)+ 40 Vrms #$	 50 Vrms 3
&
(' 
$*	##3!*"	!/	3.&(+&!! 100 Ω 
') 300 W 50	#12! 2 */!+!*/!+!#	#!!)+ 40 
Vrms 3
&+5 S1 1f#$	 S2 1f #$	*/!+!)& #!!)+ 50 Vrms 
3
&+5 S1 1f#$	 S2 1f 503!$%&++(#-!#'1 
6.2 !/  
 
 
 
'1 6.2 + 
	#(4#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
($* 3 3!'1 6.2 	
P!%&11$!#!!)+*
	#(4 	3.& $/
( 2 + 50+5/+ !!&(, 	
 %& #$	(	 3
&)1"1E!1%&#$	&(
+
#
$%44E	#$(1%& !/!-'&0%&! %(!$$+	'$ 
AVR 12!++53
&$/ 2 + *!1#(3
&+51)g( 50
-$#'1 6.3 !/ 
'1 6.3 #-$+!*#!+)+5 (,(1$!#1$
#!!)+ 40 Vrms #$	1$!%112!#! 50 Vrms $ 0.25 ! 
 
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
90
95
100
105
110
115
120
125
130
135
time(s.)
V d
c
(V
)
 
 
'1 6.3 -$+!*#!+)+5 (Vdc) 
 
 '1 6.3 	+%& #!+)+5 (1	(" 93.56 $+ (,
#!!)++4( 40 Vrms #$	 #!+)+5(1	(" 116.95 $+ (,
#!!)++4( 50 Vrms !/! #!+)+5%&-$*
	#(4#(
$(+&! (-$%& !"3!( 
(6.2)  
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6.3 	#"+&&- !"#$%&% 
&.)*#1$-!##'1 6.4 1	& #
$
%44E	#+ .)&DD"PWM &%(!$$ AVR .)#1$-!
# #$	
$(+&!!  
!!!F!/ -'&$,3.&(4 
IRFP460 12!)1"+5  
 
 
 
'1 6.4 + 
#1$-!#(
$(+&!! 
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
($* 3 3!'1 6.4 ,#1$-!# (#-!'1 6.5 !/ 
 
W300
20 Ω
 
 
'1 6.5 &*#1$-!# 
 
'1 6.5  !"#!%44E	#+%&#1$-!# (Vo) 
(Mohan, Underland, and Robbins, 2003) ( !"%&( (6.3) !/ 
 
ino kVV =                                  (6.3) 
 
  Vin , #!!)+3
&#1$-!# 
k    , 
!&*#1$-!# 
 
6.3.1 .	 
	
	 
#1$-!#3!!!!F3.&12!$"	(' 
#	 !00*#!#$		#12! D 	#*
$ 3.5 
A 3!*"	#!( 100 V #$	(, !00+1	! (safety factor) 25 
15P!+ ('3.& 
#1$-!#	(	#( 4.37 A #$	(
#!( 125 V 	k	!/!!!!F0$,3.&('(#! 500 V 
	# 20 A 50('$#'1 6.6 !/ 

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'1 6.6 ('*#1$-!#3.&3!!!!F 
 
	
 	!"#$	%	& '	!(&) 
#(
!! #$	+P1	) +& !00#!$/      
( cV∆  ripple voltage) *#!+(
$ #$		#$/ ( LI∆ : ripple current) *
	#%
$-!
$ (3.& 
#(
!! **$#$	
*+P1	) (Mohan, Underland, and Robbins, 2003) #( (6.4) #$	 (6.5) !/ 
 
( )
in
oino
L VLf
VVV
I
−
=∆                      (6.4) 
 
Cf
I
V Lc 8
∆
=∆                                            (6.5) 
 
    Vin     , #!!)+,        Vo     , #!+)+,     f        , (3!+5  
L      , (
!! , LI∆   , 	#$/,     cV∆  , #!$/ 
C      , (
!!  
 
 
#!!)+*#1$-!# 3!!!!F!/ , 
#!+)+*	# 50( 116.9 V (' !"%&(
 (6.2) 50$,  Vin *#1$-!# ,+ !"	1	(" 
Vin 3
&( 117 V (,!%* 
#12!!/ 
 
 
  
 
 
 
 
 
 
93 
 Vin       =    117   V 
 Vo        =    5 p 100 V 
 cV∆     <    10     mV 
 LI∆      <    0.1    A 
  f          =    10     kHz 
 
 ,!%*$#	#12! 2 . , .#!+)+!&
) #$	.#!+)+()!/ 
 
- 	.# 1 (Vo = 5 V) 
 #(
!! **$#$	+P1	)	"
( (6.4) #$	 (6.5) 12! D #$	3!!!!F 
!3
&	#$/(%(
! 0.1 A 	k	!/!(,#!$3!( (6.4) 	%& 
 
 ( ) mH79.4
1.01171010
51175
3 =×××
−
=L  
 
 !!/(,"( (6.5) !!!F 
!3
&#!
$/(%(! 10 mV 	k	!/!(,#!$3!( (6.5) 	%& 
 
 F125
101010108
1.0
33 µ=××××
=
−
C  
 
- 	.# 2 (Vo = 100 6	') 
 
$#	
(,!. 1 )1	 #+1$! Vo  5 V 
12! 100 V 	k	!/!#(
!! **$#$	+P1	) 
.
!/	%& 
 
 ( ) mH5.14
1.01171010
100117100
3 =×××
−
=L  
 
  
 
 
 
 
 
 
94 
µF125
101010108
05.0
33 =××××
=
−
C  
 #*&+&! $,3.&(
!! **$#$	+P
1	)+&$)( !/
(*!!!F!/ (,!%*	#$/(
%(! 0.1 A #$	#!$/(%(! 10 mV !!/	#**$	
"	#*
$(+&!! R 3.&3!!!!F & !00
+1	! 25 15P!+ 	#**$	(( 4.37 A #$	3!!*
#!*+P1	)	(( 125 $+ 	k	!/!(
!! *
*$#$	+P1	) 3.&3!#1$-! $# 
!!!F 	(
!/ 
 
 L   =   15 mH 	# 5 A #! 220 V #'1 6.7 !/ 
 
 
 
'1 6.7 +
!! *#1$-!# 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
95 
 C   =   390 µF #! 250 V !)(! 3 + ,3
&(()1	(" 125 µF  
#'1 6.8 !/ 
 
 
 
 
 
'1 6.8 +P1	)*#1$-!# 
 
	
86 (Dm) 
"#1$-!#3!'1 6.5 % Dm +&(#!
(#!+)+*#1$-!# 50( 116.9 V #+(,"+
1	! 25 15P++ #!*% Dm 	(( 146.13 V 	k	!/! 
!!!F 0$,3.&% Dm (#! 200 V 50#'1 6.9 !/ 
 
 
 
'1 6.9 %*#1$-!# 
 
 
 
 
  
 
 
 
 
 
 
96 
6.3.2 -	/01%&2 -	- 	""	 AVR  
%(!$$ AVR 12!
!03!%(!$$ -$+ 
ATMEL  AVR 12!%(!$$+	'$3
( ATMEL (1	F#$	
((' #12!
$)! ,(+&#++*-'&3.&! 
3!*"	((1	F!  
!!!F -'&$,3.& 
ATMEGA 1280 !,12!.) AVR w!1#(& C++ * Arduino *
  12!-'&  50+*!1#( 
3.&! #$	(
3.&!%&
$
$ 11)1#(3
&3.&. AVR 3
D*0/! ,3
&( !!
+!)+,++)+ (/ ++$, +#!$, +&DD" PWM, 
+,!)( -!('#$	*!
!( ((*0/!(  0
%&!  ATMEGA1280 (w!12!.) 3.&., ET-EASY MEGA1280 (&*
.) ET-EASY MEGA1280 ('%&-! ) 50#'1 6.10 !/ 
 
 
 
'1 6.10 .) ET-EASY MEGA1280 
     
);<'
.#<%=<%"-)  ET-EASY MEGA1280 
 12!%(!$*! 8 + 1	F'#+3.&$!+ 3!
+	'$ AVR 
 1y+(# RISC 
- (.)  135   #$	!3
D 
$!/	3.& 1 DD"
!z3!1	($-$  
- (+ 
3.&!%1*! 8 +  !! 32 + 
  
 
 
 
 
 
 
97 
-  !') 16 $&! +! (MIPS) (,3.&DD"!z 16 
MHz 
 
!(  
- 
!( #4$. 
1#( 128 $%+ *!/$%& 10,000 
/ 
- 
!( # EEROM *! 4 $%+ *!/$%& 100,000 / 
- 
!( #(.!#( (SRAM) *! 8 $%+ 
- P*&('$%& 20 1} )"
'( 85 oC #$	 100 1}  25 oC 
 (	1#(+'3!. 
 ( !*"	*!%& ($~ !%&,(
1$*54+# 
 (.,(1	! JTAG (IEEE std. 1149.1 compliant) 
 )"(+.,(+)1"! 
- (++/$ #$	+!*! 8 +  !! 2 + (#
(
 !%& 2 
( 
- (++/$ #$	+!$*! 16 +  !! 4 + #
(
 !%& 3 
( , prescaler, compare #$	 capture 
- (+!$$ (real time counter) # 
!(%& 
- ( PWM  !! 12 .DD"( 
!($	%& 16 + 
- (+1-$1*+)+ 
- (+#1$DD"#!$12!+$*! 10 +  !! 16 
.DD" 
- (+,!)(( 
!+/%&  !! 4 
+ 
- .,(1	!#!)(# SPI %&/#(+#$	$4 
- (.,(1	!#!)(&DD" 2 &! # *&('$
%+ 
- (++/$#+5P( 
! !%&(#
DD"!z%&+. 
- (+1DD"#!$'3!+ 
  
 
 
 
 
 
 
98 
- (*
	#$	 - (wake-up) (,(1$!#1$
**. 
 )"(+ 
- (	(	(,(5P+#$	(	+!+ 
(brown-out) ( 
! !%& 
- (++
(+*5$+'3!+ 
- (#
$*
	/3!#$	! 
 !)+/+)+ #$	+ 
- (**!)+#$	+)+( 
! !%& 86 ! 
- +# TQFP .! 100 * 
 .)"
'(. !%& -40 oC 0 85 oC 
 3.&$! 
- 
( !:  1 MHz +&#! 1.8 V 	# 0.5 mA 
- 
(! (Power-down) +&	# 0.1 µA #! 1.8 V 
 
G'
G)'!'G)'<%"  ET-EASY MEGA1280 
%(!$$ AVR )! ET-EASY MEGA1280 ( !! 100 ! (
+!)++)+3.&! !! 11 + 1	%1& + A 0 + K #+$	+
(*! 8 + 50$	*#+$	+ ('%&-!   
+ 12!
 
3.&!3!!!F , + A + 0 0+ 7  
!&*&('$%1(' 
LCD ,#-$ + B + 5  
!&12!+)+,&DD"$'P( + C 
+ 0 0 + 7 3
& + 0 0+ 3  
!&12!!)+ !+ 4 0+ 7  
!&
12!+)+ ,!+51)g(/ 16 + 3.&
$+5#(+5 #$	  
+ F + 0 #$	 + 1  
!&12!!)+,DD"#!$ 
 
H-I<==;!J

' 
%(!$$ AVR (('#1$DD"#!	$12!+$
, 
ADC (analog to digital converter) (($	*! 10 + (10-bit resolution)  
#! 
+5V 50
(0 (,#1$12!DD"12!+$#$&	%&+$*'	
 0 p 1024 (
(' ADC  !! 16 .!)+DD" , ADC0 - ADC15 50	 
!%&+ F *
%(!$$ AVR  
!!!F%&3.&.DD" 2 . , . 
  
 
 
 
 
 
 
99 
ADC0 #$	 .ADC1-$#1$DD"#!	$12!+$ ( !"%&
( (6.6) 
 
REF
IN
V
V
ADC 1024.=                                               (6.6) 
 
 VIN     , #!&!*!)+ 
 VREF   , #!&	' 
!%& 5 V 
 
<I<==; PWM 8.!/!!' 1 
&DD" PWM &%(!$$ AVR 	#12! 
3 
( %&#  
 Fast PWM mode 12!&DD" PWM (' &F
#$1 (single-slope)  
(	 
! %13.&!&! power 
regulation, rectification 12!+&! *& , %((1(%&+(
+& 
 Phase Correct PWM Mode 12!&DD" PWM ($	' &
F#$1' (dual-slope) 
(	 
! %13.&!&!
)((+ *& .! Fast PWM Mode 
 Phase and Frequency Correct PWM Mode 12!&4#$	(*
DD" PWM ($	' 5012!
(! %13.& 
!
!!F (*DD" ( !"%&( (6.7) 
!/ 
 
TOPN
ff clkpwm
..2
=                                              (6.7) 
 
   N      , 1$$ (+$!DD") 50(12!1, 8, 64, 256 #$	 1024 
( 
!%&+3.& 
 
!#
$DD"!z 
(TCCR1B) 3!!/ 
!3
& N = 1  
  TOP   ,  
!3
&+ ICR1 50(*! 16 + 
  fclk       , (*DD"!z 3!!/3.& 16 MHz 
  
 
 
 
 
 
 
100 
 
!!!F!/3.&(+5( 10 KHz !/! 
( (6.7) 	(
 
!3
&+ IRC1 #%&!/ 
 
800
101012
1016
3
6
=
×××
×
=TOP  
 
H-I$<	
'-!'
S(KEYPAD) 
!+51)g( 
3.&*++*&1)g(+  !!*+
	'3.&%1 !!1)g(3.&! 
3.&+5 !! 16 + 	+&*+%1/
( 
16 *+ +3.&!+ !!( 0!(	+3!'1#+5(+5 
#(+5#'1 6.11 !/ 
 
 
 
'1 6.11 +DD"#+5 
 
'1 6.11 ( !!1)g(+5/
( 16 1)g( (4x4) 	3.&DD" 8 &! 
+DD"+5(+5!/! !(+# pull-up DD" 	k	!/!!	*
+5	($12! 1 
,12! High /
( !/!(,+&!+5 	+&
 
!*$(! (column) +&! 
!3
&12!$ 0 
, Low 	
*$(!	12!*DD")( (,*!1#(#$	!# (row) /
( 

#3(1$!#1$ ##!/!(+5  3
&+5+ #
!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3(*0/! 50#!	+& 
!+ #
!	#!3!$(!#$	!
#  
H-I LCD (LIQUID CRYSTAL DISPLAY MODULE) 

!#-$('$ LCD 
, 
!#-$#-$0
$ (' LCD 	
('.!&! , #+ #$	#4f  
!!!F3.&#
+50&+3.&!,/!!*(' LCD #'1 6.12 !/ 
 
 
 
'1 6.12 +3.&!(' LCD  
 
'1 6.12 $	*DD"*('$ LCD (!/ 
- * 1 : GND  
+** 
- * 2 : +Vcc +%4$/ + 5V 
- * 3 : +Vo  
1(*
!&(' 
- * 4 : RS (Register Select) *$,+++ 
,
*&('$  0 	++  1 	++*&('$ 
- * 5 : R/W (Read/Write control) *!
,*!*&('$(' LCD 
- * 6 : E (Enable) *1E!DD"$ Enable 3
&('( ! 
- * 7 0 14 : D0 p D7 (DATA) 12!**&('$ 
  
 
 
 
 
 
 
102 
'1 6.12 ***&('$ 7 0 14 	+%& 12!.,(+**&('$
*(' LCD -!.)%(!$$# 4 + 	 3
&1	
*DD"!)+/
+)+ +&3.&3!.,(+ LCD %&.,(+# 8 + !,F!/	
'D*DD",3.&3!)(#-$ LCD  7 &!!/! 50+(1+#$&
.,(+*DD",)(#-$ LCD # 8 + !/!	+&'D*DD"0 
11 &! #+F!/P+&#$(&(55&!3!*!1#(,)(#-$
* LCD !/! -'&0%&!  %$ (Library)  
3.&)(#-$# 4 + 
*  %&12!-'&*! ! (3.&!  3
&(*!1#(! LCD %&
(*0/!#$	3.&& (Code)  !&$&  
 
6.3.3 	
	2 -	- 	""	 AVR 
%(!$$ AVR )! ET-EASY MEGA1280 (
( 12! 
!3!1+ /!/,+(!	 !
%(!$$  12!%1+(+)1	
,%(  503!
*&!/0%&!  ! 
1	*.)%(!$$ AVR *!1#(&
DD" PWM F3.&! #$	-$&DD" PWM 
 
- 1	*.)%(!$$ AVR #'1 6.13 
 
Ω50
Ω100
 
 
'1 6.13 1	*.)%(!$$ AVR 
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'1  6.13 1	*.)%(!$$ AVR 
1	& %(!$$ AVR )! ET-EASY MEGA1280 #-$(' 
LCD #1E!*&('$# 16 1)g( #
$%44E	#+ 2 .) #! +12 V #$	 +15 V 
+($  ).!! 503!!/3.&%5 PC 923 * SHARP 50'1 6.13 
(#12!.)%(!$$ AVR #'1 6.14 
 
 
 
'1 6.14 .)%(!$$ AVR  
 
- 3.&!*.)%(!$$ AVR (#12! 2 
# , # 1 12!!)(#1f (Open-loop control) #$	 # 2 !
)(#1f (Close-loop control) 50	3.& 
3!
*&%1 3.&!(
#12!#-!3.&!#'1 6.15 !/  
 












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'1 6.15 #-!3.&!.)%(!$$ AVR 
 
 '1 6.15 	
P!%& -'&%&1#(!)(#
1f #$	1f %&3!.)%(!$$ AVR &! ,	 3
&*0/!#$	
	+3.&! 50$"	)(/ 2 # 	($"	$&$0! , )(
#3
&( #$	)((11$!+($ 
!%& 
- *!1#(&DD" PWM !!!F!/ 
-'&%&! 54#(., Arduino (3.& 
*!1#(&DD" 
PWM $"	*!1#((#12! 3 ! 50#%&!/ 
! 1 , 1	+#1 
! 2 , 1+/ 
5+
(*DD" PWM 
! 3 , $'1*1#( ! 
!
!& 
*!1#( C++ & Arduino  
&DD" PWM &
.)%(!$$ AVR ('%&-! .1 
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6.3.4 +"	
	"'#	+" 
&DD" PWM &.)%(!$$ AVR 
('%&'1 6.4 3.&#!	#+	#(
4#!#
$%44E	#+ !, #
$%44E	#+(#!$/(
( 50%(
(	( 
12!#!!)+3
&#1$-!# '1 6.16 
#-$1$!#1$
!& 10 % 12! 20 % $ 0.25 ! 
 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
5
10
15
20
25
V o
(V
)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
101.5
102
102.5
103
103.5
104
time(s.)
V i
n(V
)
 
 
 
 
'1 6.16 -$1$!
!& 10 % 12! 20 % 
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'1 6.17 #-$1$!#1$
!& 30 % 12! 40 % $ 
0.25 ! 
 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
25
30
35
40
45
V o
(V
)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
99
100
101
102
103
time(s.)
V i
n
(V
)
 
 
'1 6.17 -$1$!
!& 30 % 12! 40 % 
 
'1 6.16 #$	6.17 +%& &DD" PWM &.)
%(!$$ AVR (1#!+)+*#1$-!#%&
&1
!& 50'1 6.16 1
!& 10 % 12! 
20 % 	
P! #!+)+	(*0/!1	(" 11 V %112! 20 V #!!)+(
1	(" 103.5 V #$	 102.5 +($  #$	'1 6.17 1
!& 
30 % 12! 40 % 	
P! #!+)+	(*0/!1	(" 29 V %112! 38 V #!
!)+(1	(" 102 V #$	 101 +($  !/! -$&DD" PWM &
.)%(!$$ AVR (1#!+)+*#1$-!# 
3
&((3$&#$	$&+(( (6.4) 
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6.4 			


	 !"#$	#"+&&- 
6.4.1 '(	#	)*	 
(*+*.)#'1 6.18 1	& 
#
$%44E	#$(1%& .)	#(4# 
.)#1$-!# .)%(!$$ AVR .)
+ #$	
$(+&!! 
	#(4##$	#1$-!
#  
 
 
 
'1 6.18 + 
	#(4(
$ 
                                 #1$-!#*!!! 
 
'1 6.18 	
P!%& 12!! /	
	#(
#(
$(+&!!
*& 6.2 #$	#1$-!#(
$(
+&!!
*& 6.3 (.,(+! 	3.&#1$-!#"12!#1f 
,3
&$&	%&! !%&3! 4 !/! +$&
+&)(#1f  12!	+&(.)+	#%44E#$	
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#!%44E(*&(3!*#1$-!#/ 2 .) 501		%&! !
3!
*& 6.4.2  
 
6.4.2 
	%	& 
.)*+ 1	& +	#%44E HX 
05-NP 	# 5 #(#1  
!&	#%
$-!*$
!!  #$	+
#!%44E LV 25-P  500 $+  
!&#!+(*
$(+&!!
*#1$-!# / 2 	3.&#
$%44E	#+(!#! -15V, 
0V #$	 +15 V 501	+#'1 6.19 !/  
 
LI
LI
Wk 10,12 ΩΩ200
 
'1 6.19 +.)+ 
 
'1 6.19 *+	# 	+%& +*
	#%44E%
$-!*$
!!  
,&!1('( (&! 2 # , +#
!)( #$	 +#*!! 503!!!!F!/ -'&%&$,+*
	%44E#*!! ,(*	#%44E12! 2   5 #(#1 %112! 
10 #(#1 #$	 $(*(
 (,)1"+	#%44E(!   
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5 #(#1  
+#!%44E 	
P!%& +(++&!!1
'/&!#'#$	&!#+  !, &!#'((#!%44E 500 V 
	#%44E 10 mA 50#(+&!!&!#' "( !"%&
( (6.8) %&  
!3
&#!&!#' (VHV)%(! 100 V 
 
Ω=
×
==
−
k
I
V
R
HV
HV
HV 101010
100
3                    (6.8) 
 
!/! ( (6.8) +%& (,(+&!!&!#'(( 	
 3
&	#&!#'(!&$ #+	-$3
&+(($	!&$ !/!
(+&!!-'&%&! (3.&!#$	(
5,/%&3!&+$ , 12 kΩ  
&!
#+ *(+&!! *0/!1'!&(, 503.&
$ , #!
4E&!#'( 100 V !,12!#!'%& #$	
$!/! 1
(+&!!*&!#+ ,3
&( +5 V 5012!#!').)
%(!$$ AVR (!%& 50(+&!!!%&( 200 Ω 
!/! '1  6.19 (#12!.)+(#
#!%44E#$		#%44E%& -!(' LCD ,$() 
+%4
((*0/!  #'1 6.20 !/ 
 
 
 
'1 6.20 .)+ 
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6.4.3 	
	%&--(2
	2 -	- 	""	 AVR 
&+)(#%&.)%(!$$ AVR 
%&,/!!(! +)(/ 2 # 50P, )(#! #$	
)(#!$ (3.&(! 50(*!12!("++#( 
(6.9) !/ 
 
∫+= dtVKVKV errorierrorpout .                                (6.9) 
 
  outV  , DD"+)+*+)(#% 
 pK  , +**+)(#! 
 iK  , +**+)(#!$ 
 errorV  , DD"!)+*+)(#%  
 
( (6.10) (! (&(3
(%& 3
&'3!'1#*
$%(+!, (discrete time) ,3.& 
! %1*!1#(&+)(&.)
%(!$$ AVR 1'1#($#%&!/ 
W.# 1 "(*+)(%3!.$+!, (continuous time) 
#( (6.10) !/ 
 
∫+= dtVKVKV errorierrorpout .  [ ]                                           (6.10) 
 
 W.# 2 
!)!F/*&*( (6.10) #3!( (6.11) !/ 
 
errori
error
p
out VK
dt
dV
K
dt
dV
⋅+= .                                                                                      (6.11) 
 
 W.# 3  
!3
&   dt = Ti (, Ti , )(+$ (sampling time) #$	   
!)!F*#!$$,!1	("3
&'3!'1#-$+ #( (6.12) !/ 
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 errori
i
errot
p
i
out VK
T
V
K
T
V
⋅+
∆
=
∆
.                                                                                  (6.12) 
 
 W.# 4  
!3
& -$+*#!+)+ ( outV∆ ) ( )1()( −− ioutiout VV  
#$	-$+*#!$$,! ( errorV∆ ) ( )1()( −− ierrorierror VV   (#
( (6.13) %&!/ 
 
)(
)1()()1()(
. ierrori
i
ierrorierrot
p
i
ioutiout VK
T
VV
K
T
VV
⋅+
−
=
− −−                                                (6.13) 
 
   Vout(i)      , #!1y)! 
Vout(i-1)    , #!+ 
Verror(i)    , #!$$,!1y)! 
Verror(i-1)  , #!$$,!+ 
 
W.# 5 '"& Ti /*&*( !/!	%&(+)(%3!
.$%(+!, #( (6.14) %&!/ 
 
[ ] )()1()()1()( . ierroriiierrorierrotpioutiout VTKVVKVV ⋅⋅+−+= −−                                            (6.14) 
  
( 6.14 12!((! %1*!1#(&.)
%(!$$ AVR %& 50$	*!1#( ('%&-! .2 
 
6.4.4 +"	
	"'#	+" 
            *  !  1  #   ( +     ) ( #    %  &   .)     
%(!$$ AVR ('%&'1 6.18 '1 6.21 
#-$*+!*#!+)+5 (Vdc) #!+)+*
#1$-!# (Vo) (1$!#1$*#!+)+ 
!*#1$-!
# (Vo
*)  20 V %112! 30 V $ 1.25 ! #$	'1 6.22 #-$
+!.!!'1 6.21 (1$!#1$*#!+)+ 
!*
#1$-!# (Vo
*)  30 V %112! 40 V $ 1.25 !  
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1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
18
20
22
24
26
28
30
32
V o
(V
)
step respone
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
113
114
115
116
117
118
119
time(s.)
V d
c(V
)
 
 
'1 6.21 -$+! Vdc #$	 Vo *3!'1 6.18  
                                 (1$!#1$ Vo
* 
 
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
25
30
35
40
45
V o
(V
)
step respone
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
110
112
114
116
118
time(s.)
V d
c
(V
)
 
 
'1 6.22 -$+! Vdc #$	 Vo *3!'1 6.18 
                                 (1$!#1$ Vo
*  
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'1 6.21 #$	 6.22 +%& )(#!+)+*#1$
-!#*/ 2 .) &*!1#(+)(#%&.)
%(!$$ AVR ()(#!3
& #$	(('+&#(!  50(
12!.) 
,!!-$	
%&3!+ %1 
 
6.5 
	# 
!,/
3! 6 ! !&.)*	#(4(
$
#1$-!# 50-'&%&"&.)#12! 2 ! , .)
	#(4#(
$(+&!! #$	.)#1$-!
#(
$(+&!! ,$()#$	#&%*1yD
(,.)
(#$	
  
#1$-!#(
$(
+&!! -'&%&! !#(+#$	$,)1"*.)
#1$-!# /%&&.)%(!$$ AVR  
12!+
)(3
&.)$ 50%&F('&,/+&!%(!$ 
AVR )! ET-EASY MEGA1280 1	*.) #$	F3.&!%&*1 !/! 
(,.)$*/ 2 .)(((!#$	3
&-$(('+&#(!  
-'&%&! .)/ 2 .)(.,(+! ,3
&.)(($&	%&
! !%& 4 5012!	"3!! -$*!1#(+
)(#% &.)%(!$$ AVR ()(#!+)++
(
$(+&!!*#1$-!# %&'+&#(!  50(12!.)
 
,!!-$	
*	%& 5012!!,/
3! 7 
$		%&! !+%1 
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7.1  
	

	 	

 !	"#
!  
$ %#&
&'(()*+*$	
"	,	*+*
--
	 ./+	$*+*

--
		! &!	,
&!* 
0# "&
	-*  !$-
	
	1	

&'(()	 (Emadi, et al., 2006) A+*
#+	'(()1	$ 
A
!11	
$	'(()-	 (constant power load : CPL) #+1/M 	M AM*M/	 

-
&* 
0#1		

* 	
&"("
*+*$	
"	"- ./+	
N
&*+#
O	 *M "&'P 	--
*+'

'*+ 4 "&
*+ 6 '"! 

	"		-OP
 
-
&* 
0# "& 

	 
./+	*	--
*+-R

-
&* 
0#1	
& $ 
 &* &
'

1*+ 7.2 
 
7.2 	!	"#		$

%	$&#'(	)#)
 

-!#

 T*
-"	
 (ATS) N"	!


-!#

*+	 #A+
 A ,
-
&* 
0#
1		

* 	
&"("
*+*$	
"	,"-1 *-	
"! "&*-!A+A1/M ./+	$-
	
	'&"

-"		
*+ 7.1 
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*+ 7.1 '&"

-#

 
 

*+ 7.1 "	
#

1	 T* ATS $ T* ATS &


*+ -! R
eq
, L
eq
, C
dc
 "& r
c
 ,!"		-OP
 
&+	-!"
	 V
dc *+'

	
O-#
 #

*+'
- *-!-* 	-!
"
	 V
dc 
*+'
 (error ! 0) 
A*- /+	-A #

*+'

- T* ATS N#

1	
&
	 ./+	,

-
-!#

1	
& "		
	*+ 7.1 	*M 
 

	*+ 7.1 ,
-#

1	
& 
#

 Req Leq Cdc rc error 
-! 0.1040 Ω 0.116 mH 230.72 µF 2.9367 Ω 0.6433 
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 
	*+ 7.1 
,
-#

1	
&'
-	
,
	 ./+	"		
*+ 7.2 	*M 
 
0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
90
95
100
105
110
115
120
125
130
V d
c(V
)
time(s.)
 
 
exact topology model
DQ method model
experiment
 
 

*+ 7.2 
*+ "	"
	# 40 Vrms ' 50 Vrms 
 
 
*+ 7.2 "	,
		1	

* * "
	#*.* A+
*+ "	"
	# 40 Vrms ' 50 Vrms *+ 0.25 * 	'! ,
	
1	"
	#*.*

	
O "		-OP
"&
'(()	 -#
 *`O&
RRO0&+-
! "&0& ! *+-	
,
	1	"
	#*.* 	M #

1	
&*+'
T*
-"	
 /	N#

*+&"&	*+ 
 
7.3 	
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*+ 7.3 	
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("
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	
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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
	"		#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****************************************************************************** 
.1 	
			  	 	 !		"#	$


   	%!&"'"(%()*
  +% %##&,, -,'  
		)* &#(#&(#"+		" ,.. 2554 
****************************************************************************** 
%%%	$
	,2'	%3	'4	 	35-$%%% 
Vs=50; 
f=50; 
Req=0.1; 
Leq=24e-6; 
Ceq=2e-9; 
Pcpl1=30; 
w=2*pi*f; 
ru=3*w*Leq/pi; 
Sd=sqrt(3/2)*2*sqrt(3)/pi; 
r=atand(w*Leq/Req); 
Z=sqrt(Req^2+(w*Leq)^2); 
Vout_rms=1.6554*sqrt(2)*Vs; 
P_Total=Pcpl1; 
eaVbus=100; 
ealampda=100; 
es=1e-10; 
k=0; 
%%%(]	
		4%4#^"  	%%% 
while eaVbus>=es & ealampda>=es 
     if k~=0 
       du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z; 
       DU=Vbus(k)*Vs*sind(r-lampda(k))/Z; 
       dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z; 
       DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z; 
       U= Vbus(k)*Vs*cosd(r-lampda(k))/Z - Vbus(k)^2*cosd(r)/Z - P_Total/3; 
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       V= Vbus(k)*Vs*sind(r-lampda(k))/Z - Vbus(k)^2*sind(r)/Z; 
       Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv); 
      lampda(k+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv); 
      eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ; 
      ealampda=abs((lampda(k+1)-lampda(k))/lampda(k+1))*100; 
      V_bus=Vbus(k+1); 
      L=lampda(k+1); 
      A1=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k+1))); 
      B1=Z*(cosd(r)+i*sind(r)); 
      Idc=(pi/(sqrt(6)))*abs(A1/B1) 
      Vout(k+1)=(3*sqrt(6)*Vbus(k+1)/pi) - 3*Leq*w*Idc/pi - rf*Idc; 
      V=Vout(k+1) 
      else 
        Vbus(k+1)=50; 
        lampda(k+1)=0.0001; 
     end 
      k=k+1; 
 end 
%%%3+%&4#&"')%4!	(]	
		4%4#^"  	%%% 
Lampda=L; 
vdc=V; 
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****************************************************************************** 
.2 	
			  	 	 !		"#	$


   	%!&"'"(%!	
(i
   &"'"	 + %# #&,, -,'  
		)* &#(#&(#"+		" ,.. 2554 
****************************************************************************** 
%%%	$
	,2'	%3	'4	 	35-$%%% 
Vs=220; 
f=50; 
Req=0.1; 
Leq=24e-6; 
Ceq=2e-9; 
%%%	
		
  ,			 !	
(i
   %%% 
R=20;  
L= 14.186e-3; 
C= 125e-6; 
Vi=514; 
N=50; 
damping=0.7; 
K1=1/(R*C); 
Wn=1/(R*C) 
Kpv=1/R 
Kiv=1/(C*R^2) 
K2=((N^2)*(Wn^2)*L)/Vi; 
T=(2*damping)/(N*Wn); 
Kpi=K2*T 
Kii=K2 
v1o=100; 
w=2*pi*f; 
ru=3*w*Leq/pi; 
Sd=sqrt(3/2)*2*sqrt(3)/pi; 
 r=atand(w*Leq/Req); 
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Z=sqrt(Req^2+(w*Leq)^2); 
P_Total=(v1o^2)/R; 
eaVbus=100; 
ealampda=100; 
es=1e-10; 
k=0; 
%%%(]	
		4%4#^"  	%%% 
 while eaVbus>=es & ealampda>=es 
     if k~=0 
       du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z; 
       DU=Vbus(k)*Vs*sind(r-lampda(k))/Z; 
       dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z; 
       DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z; 
       U= Vbus(k)*Vs*cosd(r-lampda(k))/Z - Vbus(k)^2*cosd(r)/Z - P_Total/3; 
       V= Vbus(k)*Vs*sind(r-lampda(k))/Z - Vbus(k)^2*sind(r)/Z; 
      Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv); 
      lampda(k+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv); 
      eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ; 
      ealampda=abs((lampda(k+1)-lampda(k))/lampda(k+1))*100; 
      V_bus=Vbus(k+1); 
      L=lampda(k+1); 
      A1=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k+1))); 
      B1=Z*(cosd(r)+i*sind(r)); 
      Idc=(pi/(sqrt(6)))*abs(A1/B1); 
      Vout(k+1)=(3*sqrt(6)*Vbus(k+1)/pi) - 3*Leq*w*Idc/pi - rf*Idc; 
      V=Vout(k+1); 
      else 
        Vbus(k+1)=220; 
        lampda(k+1)=0.0001; 
     end 
      k=k+1; 
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 end 
%%%3+%&4#&"')%4!	(]	
		4%4#^"  	%%% 
Lampda=L; 
vdc=V; 
%%%3&"')%4!	35-$	 !	
(i
   %%% 
vo=v1o; 
iL=vo/R; 
Xv=((iL)+(Kpv*vo)-(Kpv*v1o))/Kiv; 
Xi=(vo)/(vdc*Kii); 
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	
 .1 		
	 !"#$%!&'$% 
 
 
	
 .2 		
	)*+!*!$ 
                           	
",	%!$$'  
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	
 .3 		
	)*+!*!$ 
                           	
	%!$$' 
 
 
	
 .4 		
	)*+!*!$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
 
 
	
 .1  ET-EASY MEGA1280 
 
  -    !"# 1   !"#$%&'()&*&+,-.)	#+*/0+1/ 2345,/"'()&*&+"#
' AC ')7 DC 92$* Bridge Rectifier ')7 Regulate ' Switching 5&$+
)$21! IC Regulate .2 
2	/K/7'2/L,.M1+&	 2345/"
'"1 Input 7-20V   
  -   !"# 2 .M1!"#$%& USB R("%S%& 
/"29S$.% PC +45
FT232RL  .M1 USB Bridge 41/.5 
2%&7($&29S$.% PC  ')7 MCU  41
 ')7+"2345,-*/  9%  USB  .M1'()&*&+4(/",$+ +
*72	  Poly Fuse  !1  500 mA  R("]/"1/K/7'./S1*/9%  USB  
$+ ')7	
9S.^_ 2	$*R("%$*'()&*&+ .9 
)"/451'()&*&+
*/  USB ,.M1  External Supply  ,. +"%12"%S +.2 
,2&,%& External 
Supply *745,-*/9% USB .M1'()&*&+41/1 '%&.2 
2	/%& 
External Supply $**7)",45'()&*&+*/ External Supply .+"%12"%S  
- LED +VCC 45'317.2 
2	/*&+,-4(/"    
- LED VEXT 45'317.2 
2	/*&+,-*/ External Supply   
  -   !"# 3 .M1 LED VEXT 45'317.2 
2	/*&+,-.)	#+*/ External 
Supply   
-   !"# 4 .M1 LED +VCC 45'317!'()&*&+,-.)	#+ (+VCC) !
 +.2 
45'()&*&+*/ External Supply *7'317+/4( 
LED VEXT ')7 LED +VCC %S$&92/"1"#& '%&345'()&*&+*/
9% USB *7'317+/4( LED +VCC %S$&.9	+$.	+$ 
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
-    !"# 5 .M1 LED '317! RX ')7 TX 45R("'/"&
!2)7($& ET-EASY MEGA1280 /"29S$.% PC e&19% USB  
-   !"# 6 .M1 LED D13 45R("'/R1! Bootloader ')7 45
/R1!*//$f2! Pin Digital-13 R1$+ Logic 
g1h ')7 (+fR1$+ Logic g0h  
-   !"# 7 .M1$S%5 Reset 45R("& Reset /R1!  
-   !"# 8 .M15f Jumper R(".) / / Program Bootloader e&1 USB Port 
')7 /451%2/%S 
 
 
 
   	
 .2 Jumper R(".) / / Program Bootloader 
 
-   !"# 9 .M1!"#$%& AVRISP 45R(" Download Code 4(/" MCU +!"#$%& 
AVRISP 1	#*723451,/". 
'/2f/f&1	
"/451/" 
ATMEGA1280 ')745!"#$%& %%22%j1 AVRISP "	
 .3 "1	# 
 
 
 
	
 .3 !"#$%& AVRISP 
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
-  !"# 10  .M1!"#$%&"kkl*/ D[22..29] R(".5 
2%&/"  I/O ! 	
		 $2"#*'e) LCD +45&$2/" 10PIN LCD (  ET-CONV SPI TO 
LCD  
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
Port A (PA7+PA0) 
 A 
/ 2  (bi-directional I/O port) +, 8  ./0.1234
5637869 (
4:;,<
6) 2=>0?

@,<5ABC4DB> 
Port B (PB7+PB0) 
 B 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) >0?

@ ,<5ABC4DB> 2@,
,7+.A;FC: 
./
0.C10>0?9;+5;D>,<,.;17:/G 
Port C (PC7+PC0) 
 C 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
Port D (PD7+PD0) 
 D 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
Port E (PE7+PE0) 
 E 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
Port F (PF7+PF0) 
 F 5;
+<
:/;4>5LLM4;0
,24 
 F 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
 F 5N<./;
O:/0D>;5 JTAG 4D?<0.;
S,;;
O:/0D>
;5 JTAG 51345++ PF7(TDI), PF5(TMS), 4D PF4(TCK) 2D2;172D
;,;.

BF 
Port G (PG5+PG0) 
 G 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
Port H (PH7+PH0) 
 H 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
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
Port J (PJ7...PJ0) 
 J 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
Port K (PK7+PK0) 
 K 5;
+<
:/;4>5LLM4;0
,24 
 K 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
Port L (PL7..PL0) 
 L 
/ 2  +, 8  ./0.12345637869 (
4:;,<

6) 2=>0?

@ ,<5ABC4DB> 
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****************************************************************************** 
.1 	



 PWM 
 !
!"#
$%$
 AVR 
"%#))"  *%)+, -+.

 //0 1+#$%#!"$2
"
2 
)... 2554 
****************************************************************************** 
#include <avr/io.h>   
int EN  = 11;  %K1"L1)+"#2, 11 K1

 PWM   
int duty_cycle =0;           %K1"L1P
1"#2,%
+,Q"2!R%#R 0 %   
void setup() 
{ 
%%%K1"1

 PWM%%% 
  pinMode(EN, OUTPUT);  
  TCCR1A = (1<<COM1A1)|(1<<COM1A0) 
  TCCR1A |= (1<<COM1B1)|(1<<COM1B0); 
  TCCR1B = (1<<WGM13)|(0<<WGM12); 
  TCCR1A |= (0<<WGM11)|(0<<WGM10); 
  TCCR1B |= (0<<CS12)|(0<<CS11)|(1<<CS00); 
  ICR1 = 800; 
  OCR1A = 0; 
  OCR1B = 0; 
  TCNT0=0; 
} 
void loop()                                              
{  
  duty_cycle = 10;               % ##2,P
1"#2,%
+,Q"2!R%#R 10 % 
  OCR1A = duty_cycle; 
} 
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****************************************************************************** 
.2 	



Q!!)2 
 !
!"#
$%$
 AVR 
"%#))"  *%)+, -+.

 //0 1+#$%#!"$2
"
2 
)... 2554 
****************************************************************************** 
 
#include <avr/io.h> 
int EN  = 11; 
float setpoint=0; 
%%%K1")
+%Q
-$f	
" //0%%% 
///voltage/// 
float err_v,Upv,Uiv,Uiv_1,Upi_v; 
float kpv2=0.05; 
float kiv2=20; 
%%%K1")
+%Q
-$f	
i //0%%% 
///current/// 
float err_i,Upi,Uii,Uii_1,Upi_i; 
float kpi2=3.41; 
float kii2=48645; 
int Upi_max=800,Upi_min=0; 
%%% K1" sampling time %%% 
float Ts=0.00045; // ms 
%%%)+"K1

QQ
%%% 
int voltage_s;ensor        = 1; 
int current_sensor        = 0; 
%%%K1"Q	

QQ
2!R%
+,Q"%#R 0 %%% 
float SumVoltage=0, SumCurrent=0; 
int Read_Voltage=0, Read_Current=0; 
float V1=0, V2=0, I1=0, I2=0; 
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void setup() 
{ 
%%%K1"1

 PWM%%% 
  pinMode(EN, OUTPUT);  
  TCCR1A = (1<<COM1A1)|(1<<COM1A1); 
  TCCR1A |= (1<<COM1B1)|(1<<COM1B1); 
  TCCR1B = (1<<WGM13)|(0<<WGM12); 
  TCCR1A |= (0<<WGM11)|(0<<WGM10); 
  TCCR1B |= (0<<CS12)|(0<<CS11)|(1<<CS10); 
  ICR1 = 800; 
  OCR1A = 0; 
  OCR1B = 0; 
  TCNT1=0; 
} 
void loop() 
{ 
  while(1) 
  { 
 %%%
!R
" //0$i
i //0%%% 
  SumVoltage=0, SumCurrent=0; 
  Read_Voltage = analogRead(voltage_sensor); 
  Read_Current = analogRead(current_sensor); 
  V1 = (((float)SumVoltage/n)/1023)*5; 
  I1 = (((float)SumCurrent/n)/1023)*5; 
%%% 	
!f%	o"!R
+%%% 
 V2=V1*23.98; 
  I2=I1*1.25; 
%%% %-fR$f	
" //0-Q!!)2 %%% 
  err_v=setpoint-V2; 
  Upv=kpv2*err_v; 
  Uiv=(kiv2*Ts*err_v)+Uiv_1; 
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  Upi_v=Upv+Uiv;  // PI value   
  if (Upi_v >= Upi_max) 
  {   
    Upi_v=Upi_max;      
  } 
  else if (Upi_v <=Upi_min) 
  { 
    Upi_v=Upi_min; 
  }  
  %%% %-fR$f	
i //0-Q!!)2 %%% 
   err_i=Upi_v-I2; 
  Upi=kpi2*err_i; 
  Uii=(kii2*Ts*err_i)+Uii_1; 
  Upi_i=Upi+Uii;   
  if (Upi_i >= Upi_max) 
  {   
    Upi_i=Upi_max;      
  } 
  else if (Upi_i <=Upi_min) 
  { 
    Upi_i=Upi_min; 
  } 
%%% R!R PWM  	)+"#2, 11 %%% 
  OCR1A = Upi_i; 
  Uiv_1=Uiv; 
  Uii_1=Uii; 
   } 
} 
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

 
 
Sopapirm, T., Areerak, K-N., Areerak, K-L. (2011). Mathematical Model of a Three-Phase 
Diode Rectfier Feeding a Controlled Buck Converter. International Review on 
Modelling and Simulations. 4(4): 1426-1439.  
Sopapirm, T., Areerak, K-N., Areerak, K-L. (2011). The Mathematical Model of a Three-
Phase Diode Rectifier with Multi-Converter Power Electronic 
Loads. 11th WSEAS/IASME International Conference on Electric Power Systems, High 
Voltages, Electric Machines (POWER611).  : 100-105. 
Sopapirm, T., Areerak, K-N., Areerak, K-L. (2012). The Averaging Model of a Six-Pulse Diode 
Rectifier Feeding Paralleled Buck Converters. International Journal of Mathematics 
and Computers in Simulation. 6(1): 58-65. 
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	 
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